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Abstract 
A three-dimensional mathematical model of the smoke movement in tunnel fires was established. Finite volume method was used to 
discretize the governing equations and the SIMPLE algorithm was employed to solve the governing equations. A scaling model (1:8) of 
the subway tunnel was built up based on similarity theory. Not only different positions of fire on the train, but also the different starting 
times of exhaust fan in the tunnel were considered. The disciplines of smoke temperature, smoke diffusion and wind velocity have then 
been compared under different the fire situations. The study is useful to analyze evacuating and controlling fire in emergent project of 
tunnel fire in a subway system. 
© 2014 The Authors. Published by Elsevier Ltd. Selection and peer-review under responsibility of the Academic Committee 
of ICPFFPE 2013. 
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Nomenclature 
V velocity (m/s) 
ȡ density (kg/m³) 
I*   diffuse coefficient in broad sense 
IS  fountainhead in broad sense  
Greek symbols 
I  current variable 
Subscripts 
I  current variable 
1. Introduction 
Because of the large capacity of transportation, great speed and punctuality, more and more cities are planning to 
building or expanding its subway system. For example, the total length of Beijing subway system has reached 456 km in 
2013 and will exceed 1000 kilometers by 2020. Key problem for subway system is fire safety when underground fires 
happen in tunnel or subway station. By definition, tunnel is a long, narrow underground construction, which characterizes 
with enclosure on both sides in construction and thus requires unique fire precaution due to its specific features in fire 
causes, frequencies, spread models, damages caused and prevention. What is more, because the insufficiency of oxygen, 
during the fire, a large amount of toxic gas would be produced. The tunnel fire is more danger because people have to arrive 
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at station along tunnel and it is difficult for people to evacuate under smoke environment in tunnel. Therefore, the fire 
control of a tunnel should be taken more attention. 
It is very expensive to do large scale fire tests and get heat and smoke behavior in metro system tunnel in service. The 
employment of numerical analysis for analyzing the movement of smoke has been adopted widely. Over the past decades, 
the predictive capabilities of Computational Fluid Dynamics (CFD) have been demonstrated in many engineering fields. 
One of important application areas where CFD can be successfully used is the modeling of industrial accidents and fires. 
The zone modeling and field simulation are the two main research categories in CFD on tunnel fire.  
In this work, the standard k-  turbulence model will be used to model the fire induced smoke flow due to its simplicity 
and effectiveness. In order to predict smoke movement accurately, the boundary condition parameters such as velocity, 
temperature and pressure are selected from the measurement results. Finally, in order to validate numerical analysis program, 
a small-scale test apparatus are set up to measure the velocity and temperature values at various points.  
 
2. Physical problems 
2.1. Geometry of Tunnel 
The project studied in this work is a part of the No.2 line of Beijing subway, which connects the Jishuitan station and the 
Gulou station. The west is Jishuitan station and the east is Gulou station. It is a straight tunnel with a double directions. The 
whole tunnel line is 1290 m long without considering the horn meatus. The fan which used for ejecting smoke is located at 
position 660-670 m away from the Jishuitan station. The fan is axial type produced by ShenHai group and the fan type is 
HP3-D18. The operating parameters of fan are: mass flow quantity of 55m3/s; pressure of 50Pa; loose speed of 740rpm and 
power of 55KW.It has been shown in Fig.1. 
This tunnel is partitioned by a wall in the middle and then is consist of two lings. The thickness of the wall is 0.6 m. 
There is a hole on the wall every 30 m in order to connect the two lings. As shown in Fig. 2, the dimension of the hole is 1.5 
m ×.3 m and the distance from hole bottom to the floor is 1 m. 
2.2. Measurement of Velocity & Flow at Actual Subway a 
The main purpose of the test at actual subway is for providing the numerical analysis with the boundary conditions. 
Measurement was conducted after a daily subway service was over. The distribution of velocity, temperature and pressure 
were measured under the following 3 modes of operation. 
                                                         
Fig. 1. Location of train, fan and vent in tunnel                                                           Fig. 2. Section of tunnel 
 
Fig. 3. Section of tunnel 
 
Table 1. Velocity result of each section 
Velocity/m/s Name Area/m2 1sttest 2ndtest 3rdtest 
Section of the tunnel W2 16.74 2.09 1.11 0.82 
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N2 16.74 2.11 1.20 0.95 
W3 16.74 1.11 1.73 2.07 
N3 16.74 0.76 1.49 1.98 
QJQ 10.8 9.55 9.50 9.35 
 
During the first test, the fan at Jishuitan station is jetting while the tunnel fan installed in the middle of the tunnel is 
exhausting. Under this mode, the velocity of the sections W2 and N2 are both exceeding 2.0 m/s. The results satisfy the 
requirement of the criterion for designing the subway which requires the minimal velocity for inhaling the smoke is 2m/s. 
However, the velocity of the sections W3 and N3 do not satisfy the requirement. So if the fire happened between Jishuitan 
station and the middle of the tunnel, this mode of ventilation is suitable.  
During the second test, the fans at Jishuitan station and Gulou station are jetting while the fan in the middle is inhaling, 
the velocity of all this sections are almost equal, and all of them are below 2m/s. That is to say, this mode of ventilation 
could not satisfy the requirement and should not be adopted. This consequence is opposing with the notion of our intuition. 
During the third test, the fan at Gulou station is jetting while the fan in the middle is inhaling. Under this mode, the 
velocity of the sections W3 and N3 are both about 2m/s. So if the fire happened between Gulou station and the middle of the 
tunnel, this mode of ventilation is suitable. 
2.3. Geometry Model and Setting of Fire Scenario 
Due to the heavy casualties and tremendous loss of property caused by several fires in recent years, materials of the new 
type of trains are all non-combustible. So the heat release rate of the fire took place in the train are much less than before 
and the security of passengers are much better. In this paper, through reading lots of information and negotiating with the 
Beijing subway operating company, we select 5MW as the changeless load for tunnel fire. In addition, the season for the 
simulating is summer. Because of the underground temperature is constant all the year and the temperature in tunnel is 
always lower than in station, so the initialization of the temperature at exits of the tunnel and are set as 30ć while the 
temperature of tunnel inner as 26ć. 
 
Fig. 4. Link-system model 
 
Considering of the characteristics of the project, a link-system model is convenient and exact for determining the 
boundary conditions of the station and tunnel. According shown to link-system shown in Fig. 4 if we want to obtain the 
velocity of both sides of tunnel E we could take tunnel C, station D, tunnel E, station F and tunnel G as a whole system. The 
advantage of link system is it could consider the effect of subway system on a certain part to a high degree. The boundary 
condition of a certain part of subway system can be determined when calculating the interested region only. Through the 
results of test at actual subway, we get the method of judging the best mode of ventilation. So we could set the boundary 
conditions as following: the velocity at the exit W2 is 2.09 m/s and N2 is 2.11 m/s; In order to guarantee the balance of wind 
mass, we could set the velocity at W3 and N3 as free; The mass flow quantity of the fan in the middle of the tunnel could be 
set as 103.4 m3/s. The length of train is 120 m. What is more, the time of computation is 0-600 s and it is divided as five 
time (60s, 120s, 240s, 360s, and 600s). The mesh system for numerical calculation consisted of about 230 thousands grids. 
2.4. Models of numerical simulation 
Thermal radiation is one factor to enhance the fire source strength in a limited space. However, in a large space the effect 
of thermal radiation by wall on fire source and hot air  layer  is too enough to be ignored by comparison with the convection 
effect. Therefore,  thermal radiation can be ignored in the smoking filling simulation. Then, the air movement field model 
treats the flow primarily as a natural convection problem. Flow is dominated by buoyancy, and the turbulence serves to 
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promote the rate of diffusion of mass, momentum and heat.  The prediction of air flow in a building with fire is based on the 
solution of general transport equation: 







Where ȡ is the density, I is the current variable, I*  is diffuse coefficient in broad sense, and IS  is the fountainhead in 
broad sense. 
Details of parameters in the above governing equation have been introduced in many references and this part is 
neglected in this paper. The standard k-H  turbulence model will be used to model the fire induced smoke flow due to its 
simplicity and effectiveness. 
In the following numerical experiments on the fire-induced flow, the fire will be taken as a volumetric heat source 
without including combustion reaction. This has been demonstrated to be good enough to study the buoyancy-induced 
plume in the far field above the fire source. Note that realistic treatment in the calculating zone would require modeling of 
turbulence, thermal radiation and combustion chemistry with intermediate reactions. To the best of knowledge, no current 
CFD model could account for the interactions of all these phenomena simultaneously. The influence of thermal power is 
included in the energy conservation. 
3. Results and Discussion 
In this paper, we select nine models as following for us to study the smoke flow in tunnel fire of subway system. Table 2 
lists the different fire positions and fan starting time conditions and the train stops at the out ring. We select four probes as 
main objects that researched in this paper. The heights of them are 1.5 m, 2 m and 4 m respectively. 
 
Table 2. Fire position and fan starting time in fire scenarios 
 Starting time of the 
fan after fire/s 
Location of the fire   Starting time of the 
fan after fire/s 
Location of the fire 
Model 1 0 Head of train Model 5 60 Middle of train 
Model 2 0 Middle of train Model 6 60 End of train 
Model 3 0 End of train Model 7 120 Head of train 
Model 4 60 Head of train  Model 8 120 Middle of train 
3.1. Criterion for Fire Hazard 
In fires at subway tunnels, the most immediate threat to passengers’ lives is not direct exposure to fire, but smoke 
inhalation because it contains hot air and toxic gases. 
 
Fig. 5. Location of probes 
As the thermal radiation is ignored, the damage to people of fire smoke is reflected mainly by two aspects: high 
temperature and toxicity. It has reached the fire hazard condition when one spot in tunnel comes to either under mentioned 
condition. According to the requirement by the subway criterion, the conditions are showed in the following: (1) High 
temperature. The gas temperature on the way of evacuating path is more than 65ć. And if the temperature on the top is 
more than 180 ć, it would also hurt the people as such degree by radiant heat, so the temperature on top must be controlled 
below 180 ć. (2) Smoke toxicity. The volume fraction of CO is selected as the characteristic parameter for judging if it 
reached the fire condition. Generally, if the value reaches 0.0025, the safety of people would be under severe danger. In 
addition, the visibility of reflected luminous object is not less than about 10 m. In the numerical analysis, we could only 
obtain the relative value of the smoke, so we adopt the worst value of the CO concentration as the criterion. The condition is 
the CO thickness is more than 10%. 
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3.2. Results of Fire Simulation and Suggestions on Mode of Ventilation and Smoke Control Plan  
Fig. 6 and Fig. 7 show the distribution of temperature and smoke inside the tunnel respectively. According to the results 
of numerical simulation of the typical tunnel of the ring ling of Beijing subway, the following Suggestions on the mode of 












Fig. 6. Distribution of temperature inside tunnel under model 1 

Time: 60s, and the blank area is train 

Time: 120s, and the blank area is train 

Time: 240s, and the blank area is train 

Time: 360s, and the blank area is train 

Time: 600s, and the blank area is train 

  Fig. 7. Distribution of smoke inside tunnel under model 2  
3.3. Effect of Fire Position 
1)  Fire in the head of the train.  
When fan starts working as soon as the fire occurs, both temperature and CO concentration are larger than the critical 
value. Under this condition, passengers would be forced to evacuate to the rear of the train, however, the longitudinal 
ventilation will cause the high temperature smoke flowing to the end of the train, and result in the smoke concentration at 
the rear of the train much higher instantly, so it will make against for the passengers’ evacuating, although the longitudinal 
ventilation could control the distributing of the temperature and smoke well in front of the train; Secondly, if the fan starts 
working at 60s after fire, the temperature and CO concentration in both front and end of the train would raise to some extent, 
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but all of them are lower than the critical value at 60s. What is more, delay of turning on the fan can avoid great amount of 
smoke flowing to the end of the train where is the direction of passengers’ evacuating. During the first minute, passengers 
even could evacuate to both the front and end of the train. However, there are also some disadvantages of this ventilation 
mode. Delay on turning on the fan for 60s will let the temperature and smoke concentration raise a little in the front of the 
train. At last, if the fan starts working at 120s after the fire, free diffusion of the smoke would have lead to the temperature 
and smoke concentration in both front and end of the train passing over the critical value. So we must turn on the fan at once 
under this condition. 
2)  Fire occurs in the middle of the train.  
If the fan turns on as soon as the fire occurs, the temperature and smoke concentration near the fire and in the end of the 
train would raise rapidly during a short time. Although it is disadvantageous for people’s escape from the back of the train, 
the temperature and smoke concentration in the front of the train could be controlled effectively far away from the 
dangerous area. When we turn on the fan at 60s after the fire, the temperature and smoke concentration near the fire would 
rise somewhat, but they are also below the critical value, so people could evacuate though the front of the train safely. If the 
fan do not work all the time, the temperature and smoke concentration would exceed the critical value at 120s, that is to say, 
during the initial two minutes, free diffusion of the smoke is propitious for people’s evacuating. Certainly, we must turn on 
the fan after 120s for compelling the smoke to flow to the end of the train.  
3)  Fire occurs at the end of the train. 
If the fan turns on as soon as the fire occurs, the temperature in the tunnel would always below the critical value which is 
65 ć for 10 minutes. However, the smoke concentration near the fire would exceed the critical value, so people should not 
escape from the end of the train. But the temperature and smoke concentration in front of the fire are controlled very well. 
The temperature and smoke concentration would far below the dangerous value if we let the smoke diffuse free. In sum, this 
mode of fire is the best one for people’s escape.   
When fires occur in the outer line of the tunnel, the temperature and smoke concentration in the inner ling are below the 
critical value even as the worst time. So utilization the connected wall between inner ling and outer line to help people 
evacuating is a available and safety method. The hole on the connected wall is far below the top of the tunnel, so connected 
wall could block the smoke well and restrain the diffusion of the smoke. However, in the present tunnel, there is 30 m 
between each hole on the connected wall and the distance between the hole and floor is as high as 1 m, and the size of the 
hole is 1.5 m×2.3 m. It is not convenient for people escaping through the holes. So making the holes lower and increasing 
the number and size of the holes in order to allow more people escape from the holes when in fire is an advisable suggestion. 
4. Comparison of Computational Result With Measured Value 
We build up a scaling model (1:8) of the antitype based on similarity theory. The steady and unsteady fire situation of 
experiment has been done on the scaling model. Further computational simulation will also be applied on it and the result 
will be compared with the experiment to validate the usefulness of simulation. Comparison of the results obtained by 
numerical analysis with the velocity, temperature and smoke concentration was conducted. 
The graphs in Fig.8 show the comparison between the temperatures and smoke concentrations measured at T8 spot and 
the predicted values obtained by numerical analysis. It is shown that the trends of the distributions of velocity, temperature 
and smoke concentration obtained from numerical modeling is very similar to measured values at the measurement points. 
Under steady situation, eliminating few wrong points, the most relative error between velocities measured and the predicted 
values obtained by numerical analysis is 18%, while the least relative error is 1%. Under unsteady situation, the most 
relative error is 25% while the least value is 5%. Though these comparisons, we can say that the result of numerical 
modeling conducted with full scale model to take the events of a fire into consideration is reliable. 
5. Conclusion 
In this paper, some suggestions about alteration of tunnel structure and passenger evacuation during tunnel fire have 
been given. The optimal mode of ventilation is obtained. The result of this paper also demonstrate that some regulations in 
treatments for emergency of Beijing subway. 
Through comparison, the relative errors between measured data and numerical predictions is  less than 20 percent, so 
that the results of numerical modeling conducted with full scale model to take the events of a fire into consideration is 
reliable. 
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(a)                                                                                                    (b) 
Fig. 8. Comparison of measured data and predictions 
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